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arXiv:1912.00699 

Discrepancies in several measurements for 
the associated production of the SM Higgs 
(h) with a W boson: Wh

Relation with Madala model (*)?  

- ATLAS, CMS, Run 1 and 2 results  

- Consider results were pT(h) > m(h) is 
not required for combination 

- Investigate each analysis selection 

- Compare Vh kinematics with model:     
H→S[150]h[125]  m(H)=250,260,270GeV

Cover h→WW, tautau, yy decay channels

(*) See also talks from B.Mellado and S. von Buddenbrock

h 

http://arxiv.org/abs/1912.00699
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ZH: 4leptons

W/Zh: 
2lep OS Wh: 2lep SS
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WH: 3leptons

h→ W W*

Wh: 3leptons



h→ WW: Run 1 ATLAS  
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All channels show signal strength > 1  
Exception: 3L 1SFOS/3SF uses mll of  

SS leptons as input BDT variable →  

Difference in shape btw Vh and H→Sh 
BDT discriminates BSM signal 

Statistically limited analysis but…  
Several channels present excesses 

located at ~ region as the Higgs

arXiv:1506.06641
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https://arxiv.org/pdf/1506.06641.pdf


h→ WW: Run 2 ATLAS  
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arXiv:1903.10052 

Post-fit results: signal yields 
weighted by the observed mu! 

1SFOS/3SF category still uses mll in the BDT 
However the signal strength result uses both WH 
channels so this will be included in the combination  

Only 3leptons (BDT) and 4leptons (cut-based) 
channels are analyzed for the 2015+2016 results
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WH signal strength 
from the 0SFOS 
category alone 
would be larger!

https://arxiv.org/pdf/1903.10052.pdf


h→ WW: Run 1 and Run 2 CMS  
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arXiv:1312.1129, arXiv:1806.05246

Wh: 3leptons + 3v 
Split in OSSF and SSSF events 
min-MET > 40(30) GeV OS(SS), |mll - mZ| > 25 GeV, 
mll < 100 GeV, |ΔR(ll)| < 2                 → Fit DeltaR(ll)  

W/Zh: 2leptons (OS) + 2jets 
mjj [65, 105] GeV, |Δ𝜂(jj)| < 1.5, mT[60, 125] GeV,  
mll < 200 GeV and |ΔR(ll)| < 2.5      → Fit mll in 9 bins

Similar selection in both analyses 

Run 1: µ(Wh) < 1 negative 
fluctuation -left- 
Run 2: µ(Wh) > 1 in both 
channels -right- 
Both results will be included 

in the combination
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for both Run 1 and Run 2

https://arxiv.org/pdf/1312.1129.pdf
https://arxiv.org/pdf/1806.05246.pdf


h→ 𝝉𝝉 
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Strategy: Split in tau decay modes

h→ 𝝉had+ 𝝉had

h→ 𝝉had + ℓ 

W always decaying leptonically: W→ ℓ𝜈 

Two subcategories with 1 or 2 ℓ (e,mu): 
           1) ℓ + 𝝉had + 𝝉had

           2) ℓ + ℓ + 𝝉had 

ℓ

𝜈h 



h→ 𝝉𝝉: Run 1 ATLAS and CMS  
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arXiv:1511.08352     arXiv:1401.5041

Different analysis selection:  
- ATLAS: Cut&Based  
- CMS: BDT + LT split

ATLAS > 80 GeV 😀   

CMS Split @ 130 GeV ☹
ATLAS > 100 GeV 😀  
CMS used in BDT ☹ATLAS > 100 GeV 😀  

 CMS results discarded 
   - BDT discriminates            
H→Sh signal 
   - Split: stat. fit on the SM 
Vh will concentrate in high 
region  
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ATLAS:  
Bigger excesses (µ > 1) in 
channels with h → 𝝉had+ 𝝉had 

Results from ATLAS included in the combination 
CMS results are discarded

https://arxiv.org/pdf/1511.08352.pdf


h→ 𝝉𝝉: Run 2 CMS  
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arXiv:1809.03590 
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New approach for Run 2 CMS closer 
to ATLAS: cut&based analysis!  

> 100 GeV  

> 130 GeV  

Fit on visible mass of the taus: 𝛍(Wh) = 3.39(+1.68)(-1.54)

ℓ+ℓ+𝝉had

ℓ+𝝉had+𝝉had

Unfortunately no ATLAS Run 2 results delivered yet

https://arxiv.org/pdf/1809.03590.pdf


h→ γγ
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h→ γγ: ATLAS and CMS 
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arXiv:1408.7084, arXiv:1407.0558, arXiv:1802.04146

CMS Run 1: pT(γγ) > 13m(γγ)/12 
Suppressing most of the H→Sh 

Requirement dropped in Run 2

All use very high requirements:  
ETmiss > 70 - 150 GeV 

Category not included in 
combination

ATLAS Run 2: Split @ 150 GeV 
High region (low bkgs) will contribute 

more in the fit: neglecting H→Sh 
Results not included in the 

combination

Vh Hadronic Wh one-lepton Vh ETmiss
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https://arxiv.org/pdf/1408.7084.pdf
https://arxiv.org/pdf/1407.0558.pdf
https://arxiv.org/pdf/1802.04146.pdf


h→ γγ: Run 2 CMS  
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arXiv:1804.02716

Excesses observed in both:  
 Wh leptonic and Vh Hadronic 

Results will be included in the combination

CMS Run 2 Strategy 
Vh Hadronic: No requirement on pt(γγ) / m(γγ) 

Vh Leptonic: No use of pT(ℓ+ETmiss)
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https://arxiv.org/pdf/1804.02716.pdf


Combination
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Results and Summary
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Combined signal strength: 
mu_Vh = 2.5 ± 0.43 

Deviation from SM: 3.5𝜎

Larger Wh production than expected by SM  
      - Excesses observed in very different final 
states depending on the SM Higgs decay 
      - Compatible with multi-lepton discrepancies 
observed at the LHC 
      - Supports the possible existence of new 
physics at the LHC: consistent with Madala model

Only partial Run 2 dataset (36.1fb-1) analysed so far… 
Much more ATLAS and CMS results to come 😀   

Keep posted!

http://arxiv.org/abs/1912.00699


Thank you!
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Backup Slides
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Summary  
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ATLAS  
Run 1  
o H→ WW https://arxiv.org/pdf/1506.06641.pdf  
      mu_VH = 3.0 +1.3(+1.0) -1.1(-0.7) stat(syst);   
      mu_WH= 2.1 +1.5(+1.2) -1.3(-0.8)  
      mu_ZH = 5.1 +3.8(+1.9) -3.0(-0.9)  
o H→ tautau https://arxiv.org/pdf/1511.08352.pdf  
      mu_VH = 2.3 +/- 1.6 
o H → yy https://arxiv.org/pdf/1408.7084.pdf   
      mu_WH = 1.0 +/- 1.6,        mu_ZH  = 0.1 +3.7 -0.1  

Run 2  
o H→ WW https://arxiv.org/pdf/1903.10052.pdf  
      mu_VH = 2.5 +0.9 -0.8;   
      mu_WH = 2.3 +1.2 -1.0,     mu_ZH= 2.9 +1.9 -1.3 
o H→ tautau https://arxiv.org/pdf/1811.08856.pdf   
        Inclusive mu = 1.09 +0.18(+0.26) -0.17(-0.22) stat(sys) 
o H→ yy https://arxiv.org/pdf/1802.04146.pdf  
        mu_VH = 0.7 +0.9 -0.8 

CMS 
Run 1  
o H→ WW https://arxiv.org/pdf/1312.1129.pdf  
      mu_VH_2l = 0.39 +1.97 -1.87,  
      mu_WH = 0.56 +1.27 -0.95,      mu_ZH = 6.41 +7.43 -6.38 
o H→ tautau https://arxiv.org/pdf/1401.5041.pdf  
         mu_VH_tag = -0.33 +/- 1.02 
o H→ yy https://arxiv.org/pdf/1407.0558.pdf   
         mu_VH = -0.16  +/- 0.97  

Run 2 
o H→ WW https://www.sciencedirect.com/science/article/pii/
S0370269319301169  
       mu_WH = 3.27 +1.88 -1.70,    mu_ZH = 1.00 +1.57 -1.00  
o H→ tautau https://arxiv.org/pdf/1809.03590.pdf  
       mu_VH = 2.5 +1.4 -1.0 
       mu_WH = 3.39 +1.62 -1.35,      mu_ZH = 1.23 +1.62 -1.35   
o H→ yy  https://arxiv.org/pdf/1804.02716.pdf  
       mu_VH = 2.4 +1.1 -1.0 



H→ WW: Run 1 ATLAS 
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arXiv:1506.06641

https://arxiv.org/pdf/1506.06641.pdf


H→ WW: Run 1 ATLAS 
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arXiv:1506.06641

https://arxiv.org/pdf/1506.06641.pdf


H→ WW: Run 1 ATLAS  
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https://arxiv.org/pdf/1506.06641.pdf

https://arxiv.org/pdf/1506.06641.pdf


H→ WW: Run 2 CMS  
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https://www.sciencedirect.com/science/article/pii/S0370269319301169

https://www.sciencedirect.com/science/article/pii/S0370269319301169


H→ WW: Run 1 ATLAS  
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https://arxiv.org/pdf/1506.06641.pdf

3 leptons: 1SFOS and 3SF → BDT INPUT VARIABLES 
 

https://arxiv.org/pdf/1506.06641.pdf


H→ WW: Run 2 ATLAS  
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https://arxiv.org/pdf/1903.10052.pdf 

Only 3leptons (BDT) and 4leptons (cut-based) 
channels were analyzed for the 2015+2016 results

https://arxiv.org/pdf/1903.10052.pdf


H→ WW: Run 2 ATLAS  
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https://arxiv.org/pdf/1903.10052.pdf 

3 leptons: BDT input variables

Lepton nomenclature 
(l0l1 assumed from H decay -see slide 4-)

l0: lepton with different charge 
l1: lepton closest to lepton l0 
l2: remaining lepton 

https://arxiv.org/pdf/1903.10052.pdf


H→ WW: Run 1 CMS  
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arXiv:1312.1129 

WH: 3leptons + 3v 
Split in OSSF and SSSF events 
min-MET > 40(30) GeV OS(SS), |mll - mZ| > 25 GeV, 
mll < 100 GeV, DeltaRll < 2 
→ Fit DeltaR(ll)  

W/ZH: 2leptons + 2jets 
  mjj [65, 105] GeV, |DeltaEtajj| < 1.5, 
  mT [60, 125] GeV, mll < 200 GeV and DeltaR < 2.5 
  → Fit mll in 9 bins

Accumulation of data at 
low mll but limited  
statistics with Run 1

https://arxiv.org/pdf/1312.1129.pdf


H→ WW: Run 1 CMS  

26

arXiv:1312.1129 

https://arxiv.org/pdf/1312.1129.pdf


H→ tautau: Run 1 ATLAS  
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https://arxiv.org/pdf/1511.08352.pdf  

Fit to the MMC (M2T) shape in ZH (WH) 

Strategy: Split in tau decay modes
H→ tau_had + tau_had 
H→ tau_had + tau_lep

while V always decaying leptonically: W→ lv / Z→ ll 

Two subcategories in each channel 
WH: 1 or 2 leptons (e,mu)

ZH: 2 or 3 leptons

https://arxiv.org/pdf/1511.08352.pdf


H→ tautau: Run 1 ATLAS  
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https://arxiv.org/pdf/1511.08352.pdf  

Bigger excesses in channels with H→ tau_had + tau_had
mu >= 1 for all cases 

Unfortunately, no ATLAS Run-2 analysis (yet) → Only ggf+VBF in Run-2 https://arxiv.org/pdf/1811.08856.pdf 

https://arxiv.org/pdf/1511.08352.pdf
https://arxiv.org/pdf/1811.08856.pdf


H→ tautau: Run 1 CMS  
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https://arxiv.org/pdf/1401.5041.pdf 

 o  WH: l + L tau_had 
 o  ZH:  ll + LL’ 
where l = e,mu and L = l or tau_had

→ l + l’ tau_had channel 
- ll’ are SS to reduce Z and tt

- Split in LT <(>) 130 GeV 

→ ll + LL’ 
- ll are OSSF  
- Split in LT(LL’) = pT(L) + 

pT(L’)  > 25 - 70 GeV 
depending on the lepton 
flavour 

mu_VH = -0.33 +/- 1.02

https://arxiv.org/pdf/1401.5041.pdf


30

H→ tautau: Run 1 CMS  
https://arxiv.org/pdf/1401.5041.pdf 

https://arxiv.org/pdf/1401.5041.pdf


H→ tautau: Run 2 CMS  
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https://arxiv.org/pdf/1809.03590.pdf 

https://arxiv.org/pdf/1809.03590.pdf


H→ yy: Run 1 ATLAS  
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https://arxiv.org/pdf/1408.7084.pdf

https://arxiv.org/pdf/1408.7084.pdf


H→ yy: Run 1 CMS  
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https://arxiv.org/pdf/1407.0558.pdf

Four VH classes

Make use of diphoton 
BDT classifier for entry 
into the different 
classes

https://arxiv.org/pdf/1407.0558.pdf


H→ yy: Run 2 ATLAS  
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https://arxiv.org/pdf/1802.04146.pdf

https://arxiv.org/pdf/1802.04146.pdf


H→ yy: Run 2 CMS  
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https://arxiv.org/pdf/1804.02716.pdf

5 categories exploiting the presence of 
leptons, MET and jets

“Each event is classified exclusively by 
applying the category selections in order 
and choosing the highest-priority category 
satisfied by the event.”

https://arxiv.org/pdf/1804.02716.pdf


H→ yy: Run 2 CMS  
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https://arxiv.org/pdf/1804.02716.pdf

5 categories → SELECTION

https://arxiv.org/pdf/1804.02716.pdf

